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ABSTRACT

The p53 transcription factor confers its potent tumor
suppressor functions primarily through the regula-
tion of a large network of target genes. The recent ex-
plosion of next generation sequencing protocols has
enabled the study of the p53 gene regulatory network
(GRN) and underlying mechanisms at an unprece-
dented depth and scale, helping us to understand
precisely how p53 controls gene regulation. Here, we
discuss our current understanding of where and how
p53 binds to DNA and chromatin, its pioneer-like role,
and how this affects gene regulation. We provide an
overview of the p53 GRN and the direct and indirect
mechanisms through which p53 affects gene regula-
tion. In particular, we focus on delineating the ubiqui-
tous and cell type-specific network of regulatory ele-
ments that p53 engages; reviewing our understand-
ing of how, where, and when p53 binds to DNA and
the mechanisms through which these events regu-
late transcription. Finally, we discuss the evolution
of the p53 GRN and how recent work has revealed re-
markable differences between vertebrates, which are
of particular importance to cancer researchers using
mouse models.

INTRODUCTION

The TP53 gene encoding the tumor suppressor p53 is the
most frequently mutated gene in human cancers (1,2). p53
is also deactivated or repressed in a large proportion of tu-
mors containing wild-type p53 through diverse mechanisms
including aberrant degradation, deregulation of activators,
effectors, or repressors such that most, if not all, cancers cir-
cumvent the p53 signaling pathway. p53 is the eponymous
member of the p53 transcription factor (TF) family that
evolved from an ancestral p63/p73 gene that can be found in
most invertebrates (3,4). Functionally the ancestral p63/p73
gene protects organismal integrity and the germ line by in-
ducing cell death in cells with genome damage. In higher
vertebrates all three p53 family members can be found and
their function has diversified. While p53 largely functions as
a tumor suppressor, p63 and p73 play important develop-
mental roles in addition to context-dependent tumor sup-
pressive and tumor promoting activities.

p53 functions as a sequence-specific TF, which is acti-
vated in normal cells in response to a diverse range of stress-
induced stimuli, in particular DNA damage, to regulate a
large network of target genes through which it exerts the
majority of its tumour suppressive functions (5,6). The tran-
scriptional output of the complex p53 gene regulatory net-
work determines whether cells pause until stress/damage is
resolved or repaired, terminally arrest, or die. Consistent
with its tumor suppressive TF function, cancers most fre-
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quently harbor mutation in the region of 7'P53 that encodes
the DNA binding domain (DBD) (7).

In the following paragraphs we discuss what we know
about p53 binding to DNA and chromatin and how this
relates to gene regulation. Particularly, we focus on recent
advances in our understanding of how and where p53 binds
to DNA and the mechanisms through which these events
regulate transcription.

THE p53 GENE REGULATORY NETWORK—A UNI-
VERSE OF TARGETS

A TF gene regulatory network (GRN) comprises all genes
regulated by a given TF: through binding directly to its cog-
nate gene regulatory DNA elements or indirectly through
the effects of its direct targets on downstream signaling
pathways and transitional TFs. Importantly, myriad stud-
ies over the last decade have demonstrated that the major-
ity of TFs, including p53 and its family members p63/p73,
can affect their GRNs through binding to both proximal
promoters or distal enhancers, the latter of which are con-
nected to the respective gene by long-range interactions.
As described further below, recent meta-analyses of high-
throughput datasets generated over the last decade sug-
gest that p53 predominantly activates expression of di-
rect targets through binding to proximal promoter regions,
and have begun to define the broader p53 binding land-
scape and disentangle the direct and indirect regulatory
events within the p53 GRN. Surprisingly, integrating mul-
tiple gene expression and chromatin-immunoprecipitation
(ChIP) datasets revealed that only ~11% of the >3000
genes whose mRNAs were consistently altered in response
to p53 activation exhibit reproducible p53 binding prox-
imal to their transcriptional start sites (TSS) (thus pre-
dicting them as direct p53 targets) (6,8). Two websites
enable researchers to quickly query their gene of in-
terest for information on its p53-dependent regulation
and p53 binding near the gene locus (www.targetgenereg.
org; (8)) and https://www.niehs.nih.gov/research/resources/
databases/p53/index.cfm; (6)). Notably, while p53 regulates
a substantial set of genes through gene proximal regions, it
binds to many more distal locations, the function of which
is harder to discern, and may regulate even more genes.
Canonically, p53 is recruited through a DNA motif called
the p53 response element (pS3RE) comprising two de-
cameric half-sites of the consensus sequence RRRCWW-
GYYY (R = A/G, W = A/T, Y = C/T). Productive
p53 binding leading to transcriptional activation predom-
inantly occurs at pS3REs within 2.5 kb of the TSS of the
regulated gene, which also can be situated in the first in-
tron (8,9). Recent integrative ChIP-seq studies suggested
that proximal p53 binding events are predominantly associ-
ated with target gene up-regulation in response to p53 acti-
vation (10-13), which is strongly supported by recent meta-
analyses (6,8,14,15). Conversely, these studies also indicate
that the vast majority of genes down-regulated in response
to p53 activation are not associated with proximal p53 bind-
ing events indicating they are either regulated through indi-
rect mechanisms or distal binding events. While this does
not preclude p53 exerting context-specific direct repressive
effects on some genes, it strongly supports a model wherein

p53 functions mostly as an activator of transcription recon-
ciling many years of research and debate.

The largest fraction of genes indirectly regulated by p53
is represented by cell cycle genes, which are repressed in
response to p53 activation. These genes are largely reg-
ulated through the p53-p21-DREAM/RB pathway (16—
19), which is highly conserved between mouse and hu-
man (20) and may control up to one thousand cell cy-
cle genes (8). This has been complemented through studies
that challenged multiple frans-repression mechanisms pro-
posed for p53 and rectified how p53 regulates several genes
(13,14,16,21,22). Additional mechanisms of indirect gene
regulation through p53 include the direct activation of non-
coding RNAs such as micro RNAs. This includes mir-34a
that is a tumor suppressor in its own right (23), as well as
several long non-coding RNAs (24). Moreover, p53 activa-
tion directly affects the mRNA levels of many other TFs
and their regulators, including ATF3, BCL6, BHLHEA4O0,
E2F7, HES1, GRHL3, SMAD3, STAT3, TEAD3, and
YAPI1, which could cumulatively contribute to the p53-
dependent regulation of a large number of genes (8). Such
indirect effects are particularly difficult to decipher, and
the mechanisms that mediate p53-dependent expression of
many genes remain to be uncovered (Figure 1).

Our current understanding of gene regulation by p53
binding events has been biased by a logical focus on proxi-
mal promoter binding events, since assigning longer-range
regulatory events presents significant technical challenges.
Hence, the information content required to recruit p53 to
DNA and to mediate p53-dependent gene regulation re-
mains elusive. For example, in silico motif searches in the
mouse and the human genome, using position weight ma-
trices without spacers, identified 124 313 and 98 553 po-
tential canonical p53REs respectively (20). However, less
than 8% of these sites are found to recruit p53 across dis-
parate datasets, with an even smaller subset of those p53-
bound sites to reproducibly confer direct regulation of the
nearest gene. While a large proportion of direct p53-induced
target genes are regulated through p53 binding to proxi-
mal p53REs, we are beginning to understand that expres-
sion of a number of p53-regulated genes may be directly in-
fluenced by distal pS3RE binding events (12,25-29). A re-
cent genome-wide screen for distal p53 binding events that
influence cell proliferation and survival after doxorubicin
treatment identified productive p53 binding events up to
250 kb from the nearest gene (30). Moreover, we are begin-
ning to understand that p53 can bind to distinct genomic
loci in a cell type-specific manner as exemplified by a sub-
set of squamous-specific p5S3REs bound by its sibling p63
(31-33), to which p53 can bind to only in squamous cells
(12). Notably, our current understanding likely underesti-
mates p53 interactions with difficult to map repetitive re-
gions of the genome, an important consideration since at
least a subset of pS3REs are thought to have evolved from
retroviral elements (34-38).

THE UBIQUITOUS DNA BINDING LANDSCAPE OF
p53

The last decade of genome-scale studies has provided deep
insights into the genomic locations and contexts in which
p53 binds to DNA. To date, at least 132 (Table 1) human
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The p53 gene regulatory network: The links and nodes we think we know...
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... as well as p53-regulated genes with unknown links to p53.

Figure 1. The p53 gene regulatory network. Many genes are frequently and reproducibly up-regulated (n = 1392, green nodes) or down-regulated (n =
1707, red nodes) by p53. The common p53-regulated genes include a subset of genes directly regulated by p53 (n = 311, upper left cluster). In these cases,
P53 binds to the gene’s proximal promoter within 2.5 kb from the TSS. The best-known indirect regulatory mechanism by p53 involves its direct target
CDKNI1A that encodes for p21 and leads to reactivation of the cell cycle trans-repressor complexes DREAM and RB-E2F. Following their activation by
p21, DREAM and RB-E2F are particularly important to down-regulate cell cycle genes (n = 888, upper right cluster). For many other genes differentially
regulated by p53 the underlying regulatory mechanism remains to be uncovered (bottom clusters). Green and red nodes are respectively up- and down-
regulated by p53. Saturation indicates the p53 Expression Score (threshold £5), which is calculated as the number of datasets reporting significant gene
up-regulation minus the number of datasets reporting significant gene down-regulation upon p53 activation. Thus, high saturation indicates p53-dependent
regulation across cell types and treatments. Green and red edges represent respective direct target gene up- and down-regulation through proximal promoter
binding by p53 or DREAM/RB. Distance contains no information. Data from (8).

p53 wild-type ChIP-seq datasets have been produced by in-
dependent labs examining chromatin binding of p53. While
efforts to robustly integrate and reconcile the large amounts
of ChIP-seq and gene expression data generated have been
limited by the diversity of cell types, duration, and nature
of stimuli analyzed to date, important patterns have be-
gun to emerge from these meta-analyses (6,8,9,14,15). The
largest meta-analysis to-date compared similarly processed
genomic data and identified a reproducible subset of >1000
genomic locations bound by p53, present in at least 20 of 41

datasets (6), which are highly concordant with those found
in earlier meta-analyses (8,15). Similar efforts to catalogue
p53-binding sites in mouse cells, also identified a ‘default
set’ of p53 binding sites regardless of activating stimulus or
cellular context (20,39), providing strong evidence for the
existence of a conserved ubiquitous group of pS3:DNA in-
teractions that are commonly induced when p53 is stabi-
lized. Despite this, significant differences were observed be-
tween the DNA binding landscapes of human and mouse
p53 (20).
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Table 1. 132 ChIP-seq datasets of human wild-type p53 published using multiple cell lines cultured with various conditions

Cells Treatment public accession Reference
A498 IR (4 Gy, 2 h) GSM2677375 (52)
A549 IR (4 Gy, 2 h) GSM2677380 (52)
A549 Nutlin (5 M, 2 h) GSM3771330 (52)
A549 Nutlin (5 pM, 2 h) GSM3771331 (52)
A549 TGFB (2.5 ng/ml, 5 days) + Nutlin (5 uM, 2 h) GSM3771332 (52)
A549 TGFB (2.5 ng/ml, 5 days) + Nutlin (5§ .M, 2 h) GSM3771333 (52)
A2780 Cisp (2 oM, 3 days) GSM3720408 (53)
A2780 vehicle GSM3720407 (53)
BJ IR (10 Gy, 6 h) GSM 1348340 (54)
BJ RasV12+control vector GSM508793 (55)
BJ untreated GSM 1348339 (54)
CALS1 IR (5§Gy, 1 h) ERR375899 (56)
CAL51 IR (5Gy, 2 h) ERR375900 (56)
CALS51 untreated ERR375898 (56)
Calu-1 DMSO (0.01%, 48 h) GSM3682106 (57)
Calu-1 Belinostat (0.1 wM, 48 h) + Cisp (10 nM, 48 h) GSM3682107 (57)
FSF DXR (0.2 pg/ml, 12 h) GSM 1342488 (47)
FSF DXR (0.2 pg/ml, 12 h) GSM 1342494 (47)
GMO06993 + GM 11992 DXR (0.5 uM, 18 h) GSM 1142696 (58)
GMO06993 + GM11992 untreated GSM 1142697 (58)
GM12878 IR (10 Gy, 4 h) GSM 1142702 (58)
GM12878 Nutlin (10 M, 18 h) GSM 1142700 (58)
H460 IR (4Gy,2h) GSM2677379 (52)
HCTI116 5-FU (350 M, 12 h) GSM 1412744 (59)
HCTI116 5-FU (350 pM, 6 h) SRR1343581 (60)
HCTI116 5-FU (375 uM, 6 h) GSM 1417250 (61)
HCTI116 5-FU (50 pg/ml, 24 h) - (62)
HCTI116 Camptothecin (CPT) (1.5 M, 4h) SRR2817469 (63)
HCTI116 Camptothecin (CPT) (5 M, 8 h) SRR2967009,SRR2967010 (64)
HCTI116 DMSO (0.05%) control SRR 1343582 (60)
HCTI116 DMSO (0.2%, 12 h) SRR4090090 9
HCTI116 DMSO (4 h) SRR2817470 (63)
HCT116 DXR (1.6 uM, 6 h) SRR 1343583 (60)
HCTI116 IR (4Gy, 2 h) GSM2677381 (52)
HCTI116 IR (8 h) SRR 1539836 (65)
HCT116 IR (8 h) SRR1539837 (65)
HCTI116 Negative control siRNA (3 days) GSM3103907 (66)
HCTI116 Nutlin (10 M, 6 h) SRR 1343584 (60)
HCTI116 Nutlin (10 nM, 12 h) SRR4090091 9
HCTI116 Nutlin (12 h) GSM3103906 (66)
HCTI116 siRNA against iASSP (3 days) GSM3103908 (66)
HCTI116 Untreated GSM 1412743 (59)
HCTI116 Untreated SRR1539838 (65)
HCTI116 Untreated SRR2967011,SRR2967012 (64)
HCTI116 Untreated GSM3103905 (66)
HDF DMSO (48 h) SRR3125899 (67)
HDF Nutlin (10 M, 48 h) SRR3125901 (67)
HepG2 control AdV (48 h) + UVC (24 h) GSM 1581946 (68)
HepG2 Hepatitis B (HBx)-expressing AdV (48 h) + GSM 1581947 (68)
UVC (24 h)
hESC DXR (6 h) GSM981236 (51)
hESC RA (1 pM, 48 h) GSM981237 (51)
hESC Untreated GSM981235 (51)
HFK Cisp (25 M, 24 h) GSM1366691,GSM 1366697 (12)
HFK DXR (350 nM, 24 h) GSM1366690,GSM 1366696 (12)
HFK Untreated GSM1366689,GSM 1366695 (12)
HuSkFib Nutlin (5 pM, 6 h) GSM3020116, GSM 3378524 (48)
HuSkFib DMSO (6 h) GSM3020115, GSM3378522 (48)
IMR90 5-FU (375 uM, 6 h) GSM783262 (69)
IMR90 DMSO control GSM 1418969 (25)
IMR90 Etop (100 M, 6 h) SRR7357223 (70)
IMR90 Etop (100 uM, 24 h) GSM1294880,GSM 1294881, GSM 129 (71)
4893, GSM 1294882, GSM 1294883
IMR90 Nutlin (5 wM, 6 h) GSM 1418970 (25)
IMR90 O/E E1A/RasG12V GSM1294879, GSM 1294885, (71)
GSM 1294891
IMR90 O/E RasG12V GSM1294877,GSM 1294878, (71)
GSM 1294890
IMR90 Senescent (HRasV12) GSM 1048851 (72)
IMR90 Untreated GSM 1294876, GSM 1294884 (71)
IMR90 Untreated GSM 1048850 (72)
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Cells Treatment public accession Reference
LOXIMVI IR (4 Gy, 2 h) GSM2677373 (52)
Lymphocyte_BS104 DMSO (0.1%, 24 h) GSM2988942 (6)
Lymphocyte_BS104 DXR (0.3 pg/ml, 24 h) GSM2988944 (6)
Lymphocyte_BS104 Nutlin (10 M, 24 h) GSM2988946 6)
Lymphocyte_BS116 DMSO (0.1%, 24 h) GSM2988948 (6)
Lymphocyte_BS116 DXR (0.3 pg/ml, 24 h) GSM2988950 (6)
Lymphocyte_BS116 Nutlin (10 M, 24 h) GSM2988952 (6)
Lymphocyte_BS45 DMSO (0.1%, 24 h) GSM2988930 (6)
Lymphocyte_BS45 DXR (0.3 pg/ml, 24 h) GSM2988932 (6)
Lymphocyte_BS45 Nutlin (10 wM, 24 h) GSM2988934 (6)
Lymphocyte_BS90 DMSO (0.1%, 24 h) GSM2988936 (6)
Lymphocyte_BS90 DXR (0.3 pg/ml, 24 h) GSM2988938 (6)
Lymphocyte_-BS90 Nutlin (10 wM, 24 h) GSM2988940 (6)
MALME3 IR (4 Gy, 2 h) GSM2677378 (52)
MCF7 5-FU (100 uM, 8 h) SRR287799 (73)
MCF7 Decitabine (2 M, 5 days) GSM2740046 (52)
MCF7 DMSO (0.2%, 12 h) SRR4090093 )
MCF7 IR (4 Gy, 2 h) GSM2677372 (52)
MCF7 IR (10 Gy, 1 h) SRR5690016 (74)
MCF7 IR (10 Gy, 2.5h) SRR 5690017 (74)
MCF7 IR (10 Gy, 4 h) SRR 5690018 (74)
MCF7 IR (10 Gy, 5h) SRR5690019 (74)
MCF7 IR (10 Gy, 7.5 h) SRR 5690020 (74)
MCF7 IR (10 Gy, 7.5 h), then sequential Nutlin SRR 5690021 (74)
MCF7 neocarzinostatin (NCZ) (400 ng/ml, 3 h) SRR5857009,SRR 5857012 (75)
MCF7 Nutlin (5 wM, 2 h) GSM2677384 (52)
MCF7 Nutlin (5 uM, 24 h) GSM1146168 (76)
MCF7 Nutlin (10 uM, 8 h) SRR287800 (73)
MCF7 Nutlin (10 M, 12 h) SRR4090094 ©)
MCF7 RITA (0.1 uM, 8 h) SRR287797 (73)
MCF7 RITA (1 pM, 8 h) SRR287798 (73)
MCF7 Untreated SRR287796 (73)
MCF7 Untreated SRR5690015 (74)
MCF7 Untreated SRR5857010,SRR5857013 (75)
MCF7 Untreated GSM2740045 (52)
MCF7 Untreated GSM 1429753 (77)
MCF10A Nutlin (5 wM, 6 h) GSM3020136, GSM 3378513 (48)
MCFI10A DMSO (6 h) GSM3020135, GSM3378510 (48)
MDA-MB-175VII Untreated GSM 1429754 (77)
PBMC 5-FU (50 pg/ml, 24 h) - (62)
Sa0Os-2 O/E GFP ERR206782,ERR206794, ERR206795 (11)
Sa0S-2 O/E p53-wt (18 h) ERR206781,ERR206779,ERR206784 (11)
Sa0S-2 O/E p53-wt (24 h) GSM501691,GSM 501692 (78)
Sa0Ss-2 O/E p53-wt (24 h) GSM 1241481 (79)
SISA DMSO (0.2%, 12 h) SRR4090096 9
SISA Nutlin (10 uM, 12 h) SRR4090097 9
SKMELS5S IR (4 Gy, 2 h) GSM2677377 (52)
SW480 Empty vector SRR 1920910 (80)
SW480 p53wt O/E SRR 1920909 (80)
UACC62 IR (4 Gy, 2 h) GSM2677382 (52)
UACC257 IR (4 Gy, 2 h) GSM2677383 (52)
UACC257 Nutlin (5 uM, 2 h) GSM2677385 (52)
U208 ActD (5nM, 24 h) GSM 545807 (81)
U208 DMSO (0.1%, 24 h) control GSM1133482 (82)
U208 DXR (0.6 pg/ml, 24 h) GSM 1133484 (82)
U208 Etop (10 uM, 24 h) GSM 545808 81
U208 IR (4 Gy, 2 h) GSM2677376 (52)
U208 Nutlin (10 wM, 24 h) GSM 1133486 (82)
U208 Untreated SRR1344509,SRR 1343579 (60)
U20S Untreated GSM1133488 (82)
U208 Untreated ERR359700,ERR 359705 (83)
U208 UV (5017, 6 h) SRR1344510,SRR 1343580 (60)
U208 UVC (20 J/m?, 16 h) ERR359704,ERR 359706 (83)
U208 UVC (20 J/m?, 8 h) ERR359699,ERR 359702 (83)
U031 IR (4 Gy, 2 h) GSM2677374 (52)
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Abbreviations: 5-FU, 5-fluorouracil; ActD, actomycin D; Cisp, cisplatin; DXR, doxorubicin; Etop, etoposide; IR, ionizing radiation; nutlin, Nutlin-3;
RITA, reactivation of p53 and induction of tumor cell apoptosis; UV, ultraviolet radiation; p53 O/E, p53 overexpression; RA, retinoic acid; Ras O/E, Ras
overexpression; DMSO, dimethyl sulfoxide; TGFB, Transforming growth factor beta; AdV, adenovirus.
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Despite the identification of a ubiquitous group of p53
binding sites, the molecular mechanisms that facilitate these
common p53 binding events across experimental conditions
and cell lines remain unclear. Analysis of genomic context
of p53 binding sites based on enrichment of particular his-
tone modifications or accessibility based on DNAse-I hy-
persensitivity or Assay for Transposase-Accessible Chro-
matin followed by sequencing (ATAC-seq) as a proxy to
identify active regulatory regions (40-46) indicates that
p53 binds within at least three observable genomic con-
texts: (i) accessible DNA, (ii) constitutive nucleosome-
rich regions, and (iii) nucleosome-rich regions that dis-
play some level of nucleosome eviction in a p53-dependent
manner (25,27,47). p5S3 binding events within accessible
DNA are also enriched for histone modification patterns
that indicate an active transcriptional regulatory region,
such as an enhancer or promoter (25,26,47,48). In agree-
ment with this prediction, examination of the chromatin
context of ubiquitous p53 binding events derived from
chromHMM (chromatin Hidden Markov Model) across
127 unique cell types (49) shows that a median of approx-
imately one-third of ‘ubiquitous’ p53 binding sites reside
within transcriptionally-associated genomic regions across
all cell types (Figure 2A, TSS, transcribed regulatory, en-
hancer, or weak enhancer). The chromatin context of p53
binding sites varies significantly between cell types, even at
binding locations that are ubiquitous across all cell types
tested to date (15). These cell type differences are not limited
to transcriptionally-associated chromatin features, as com-
mon p53 binding sites across embryonic stem cells (hESC)
and primary fibroblasts are enriched for constitutive and
facultative (polycomb-mediated) heterochromatin features
(Figure 2B). CDKN1A/p21 expression is repressed in hRESC
through polycomb-mediated H3K27me3 at the promoter
which can be alleviated by H3K27me3 methyltransferase in-
hibition (50). Other p53-bound gene promoters were also
decorated with this repressive modification in hESC, sug-
gesting that the chromatin state of a p53 binding site can
alter p53-dependent transcriptional activation (51). Consis-
tent with previous work (25,27), the majority of common
p53 binding events (median of 59% across all cell types) ac-
tually fall within quiescent chromatin (Figure 2A). These
chromatin regions are devoid of active and repressive hi-
stone modifications and lack features of open or accessi-
ble chromatin. The potential function of these regions is a
rich area for future investigation given the total number and
broad conservation of these binding events across cell types
and treatment conditions.

DNA BINDING IN THE CONTEXT OF CHROMATIN:
PIONEER-LIKE p53

DNA wrapped around a histone octamer is called a nucleo-
some. DNA in a nucleosomal context is generally unable to
be recognized and bound by sequence-specific TFs. There-
fore, nucleosomes often act as direct barriers to TF bind-
ing and biochemical reactions on DNA, such as transcrip-
tion and DNA replication/repair (84). Extensive evidence
now indicates that p53, in addition to canonical binding to
accessible promoter and enhancer regions (Figure 3A, B),
also can bind to nucleosomal DNA with high affinity. As

such, p53 falls into a functionally defined group of pro-
teins called pioneer factors, which can interact with and
recognize specific DNA information even when the DNA
resides in the context of nucleosomes (85). Pioneer factors
can use this nucleosome binding activity to initiate a lo-
cal chromatin remodeling cascade, ultimately establishing
DNA accessibility at cognate transcriptional regulatory re-
gions (Figure 3C) (86). This ability is uncommon amongst
sequence-specific TFs, with analyses from ENCODE show-
ing that DNA binding for most TFs is strongly inhibited by
the presence of nucleosomes (40,41).

A key question regarding p53’s pioneer factor func-
tion relates to how nucleosomal positioning and occu-
pancy affect p53 binding and transcriptional activity. Ini-
tial evidence for p53 pioneer factor activity comes from in
vitro studies demonstrating direct binding to the p5S3RE
in the CDKNIA promoter even when the DNA template
is within a nucleosome (87). Biochemical reconstitution of
pS3RE DNA into mono-nucleosomes confirmed the di-
rect p53 binding to DNA within chromatin (88). Both
an updated, highly-parallel sequencing approach (89) and
DNase I-mediated footprinting of the native CDKNI A pro-
moter sequence came to similar conclusions about preferred
p53:nucleosome orientations (90). p53 prefers binding to
nucleosome orientations where the p5S3RE is near the nu-
cleosome edges and disfavors binding near the nucleosome
dyad or core (Figure 4A) (89,90). Whether this preference is
due to dynamic unwrapping/‘breathing’ of DNA near nu-
cleosome edges or a specific recognition mechanism of p53
for DNA at nucleosome edges remains to be directly exper-
imentally validated (91).

Binding of p53 to nucleosomal DNA is also influenced
by the rotational position of the pS3RE relative to the nu-
cleosome dyad (Figure 4B). Strongest p53 binding in vitro
was observed when the DNA minor groove of the pS3RE
half site was exposed to solvent (88). Within a nucleo-
some, this would happen when the pS3RE is centered Sbp
from the dyad, repeating every 10bp after that. Rotational
position does not supersede location around the nucleo-
some, as nucleosome edge binding, even in disfavored ro-
tational positions, was stronger than any rotational posi-
tion within the nucleosome core (89). pS3REs at some pro-
apoptotic p53 targets appear to exist in a non-preferred nu-
cleosome rotational position relative to some cell cycle ar-
rest targets (92) and this has been proposed to explain dif-
ferential transcription activation kinetics between these two
gene classes (92,93). This possibility has not been directly
tested on a broad scale, although the advent of both high-
throughput in vitro nucleosome binding assays and more
sensitive genome-scale chromatin structure measurements
should allow such analyses in the future.

The binding of p53 to native nucleosomal DNA se-
quences within cells is supported by examination of p53
binding using ChIP coupled to highly parallel analysis ap-
proaches (Figure 3A and E). Using ChIP-coupled microar-
ray (ChIP-chip), p53 was shown to bind to high-affinity
pS3REs within approximately 2,000 nucleosome-rich re-
gions in cells (94). Subsequent ChIP-seq studies confirmed
that p53 can bind to genomic locations with high nucle-
osome occupancy (25,27), and that many p53:nucleosome
interactions take place at nucleosome edges, similar to in

020z 1snbny {| uo Jesn Aueqy 1e Alsiaaiun Aq 05/22685/999e8¥6/1eU/S601 "0 | /I0p/a|01iB-80UBAPE/IBU/WO0D dNO"dIWapede//:sd)y Wol) PaPEOjUMO(]



Core p53 Binding Sites
(Verfaillie et al 2016)

©
=}
J

[=2}
=}
|

|
L
e o
*........
%
0. F

Percent of p53 binding sites
N
|

3 2
& & & &F A & &
¥ @& RS & & & &
S & & & o o D @
@ ¢ & F LTI
> P 15\ R\ &L & L
o & & N S
é}\ TR 0\4 QQQ
S 34

Nucleic Acids Research, 2020 7

o

TSS-like Enhancer-like
® (H3K4me3+) ” (H3K27ac+/H3K4me3-)
o 20 K 40—

@ ®
f=2 ) o
S 15 Q0 S 30 H
00’
2 oo 2 o%e
o oo i .
@2 104 o ° an @ 204 8
] e $ o & 3 ? ° °
s 5 oo . s 0 ? o3
€ € %7 °
8 8 *
& 0 T T T T ﬁn_ 0 T T T T
Y N ) - S N )
S & & o‘go” J&Q\\"’ & &
& <& & &K
Constitutive Heterochromatin Facultative Heterochromatin
® (H3K9me3+) » (H3K27me3+)
8 30 8 20
= = .
=2 =2
£ 21 £ 154 —
T 20 e 2 °
3 ° 5 . Ses
¢~I§- s;,- 10| ﬁ °
5 104 $ * s H
- e o = 5 °®
c L[] c
e s
& o T T T T & o T T T T
- S ) - S )
&S e RO PR
R .
& & & &

Figure 2. The local chromatin modification state of core p53 binding sites. (A) Integration of ubiquitous (core) p53 binding sites identified by (15) with
ChromHMM-assigned chromatin features across 127 unique cell types (ChromHMM = chromatin Hidden Markov Model). These results are qualitatively
similar when the ubiquitous p53 binding sites from the Nguyen et al. meta-analysis are used (6). Each dot represents the percent of p53 binding sites in
each cell type that have the listed local chromatin environment. The 25-state ChromHMM model was collapsed into 10 distinct groups similar to (252).
Red lines represent the median percentage of p53 binding sites with the given chromatin state across the 127 cell types assayed. (B) The percent of core p53
binding sites with the given chromatin state for primary fibroblasts, epithelial cell types, T cell types and embryonic stem cells (ESC).

vitro observations (89). Taken together, these biochemical
and genomic observations demonstrate the capacity of p53
to bind to nucleosomal DNA, and that this is influenced
by the context of the pS3RE. Context-dependent p53 bind-
ing based on nucleosome positioning provides intriguing
avenues for studying the biology of p53, including how
p53RE positioning within a nucleosome influences differ-
ential transcriptional activation and p53-dependent pheno-
types.

Another key question regarding p53’s pioneer activity re-
lates to the molecular mechanisms allowing p53 to recog-
nize and bind to nucleosomal DNA. Sequence-specific nu-
cleosomal DNA binding activity of p53, perhaps unsur-
prisingly, is dependent on the p53 DBD. The p53 DBD
alone can bind to pS3RE in many of the same contexts as
full-length p53 (88). Notably, full-length p53 is capable of
non-specific binding to nucleosomal DNA lacking a rec-
ognizable pS3RE (88), whereas deletion of the disordered
and posttranslational modification-rich C-terminal domain
(CTD) diminishes this non-specific binding (88,89,95). The
CTD appears critical for binding to p5S3RE that deviate
from the consensus sequence (96), a finding that has been
further confirmed by SELEX (systematic evolution of lig-
ands by exponential enrichment)-based high-throughput
analysis (97). Non-specific DNA binding has also been
proposed to allow p53 to scan DNA for high affinity
p53REs (98); however, the ultimate functional relevance
of the CTD mediating non-specific binding to both naked
and nucleosomal DNA is unclear and requires additional
study.

The molecular mechanisms of other pioneer TFs may
provide some clues into p53 family pioneer activity. For ex-
ample the pioneer factors SOX2 and KLF4 display exten-
sive non-specific nucleosome binding that may aid sliding-
based DNA motif searching and binding to exposed par-
tial DNA motifs within nucleosomal DNA (99). Pioneer
factor binding to nucleosomal DNA is aided by the abil-
ity to differentially recognize full and optimal or degen-
erate sequence motifs (100). p53 binding preferences dis-
play defined periodicity from the nucleosome dyad, as has
been demonstrated for both forkhead and homeobox pio-
neer factors (46). Thus, the mechanisms used by other well-
studied pioneer factors may provide context into specific
molecular functions needed for p53-dependent nucleosome
binding. Understanding the mechanisms used by p53 to
recognize nucleosomal DNA and how differential binding
of p53 to various nucleosomal DNA contexts affects tran-
scriptional activation and other biological processes are key
questions for future research.

CHROMATIN-ENGAGED COFACTORS OF p53

To enact its chromatin modifying roles, p53 interacts
with an extensive list of transcriptional cofactors and can
mediate their recruitment directly to p53REs. Amongst
these cofactors are a number of chromatin modifying
and remodeling enzymes with known co-activator and
co-repressor roles, involved in nucleosome eviction, reg-
ulation of chromatin structure, and the activity of tran-
scriptional regulatory regions. This includes key modu-
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Figure 3. Chromatin binding states of p53. (A) A general schematic of the range of chromatin states with observed p53 binding. (B) Binding of p53 to gene
proximal promoters represents the canonical model for p53 engagement with gene regulatory elements. p53-bound promoters are generally characterized
by accessible (nucleosome-free) chromatin and histone modification-based hallmarks such as H3K4 trimethylation (H3K4me3). (C) p53 can bind to
DNA in the context of a nucleosome using pioneer factor-like activity. Pioneer factor activity reflects two related functions: the recognition of a TF
motif in nucleosomal DNA and the facilitation of nucleosome remodeling to create an accessible DNA element. p53 recognizes its RE across multiple
nucleosomal contexts, although binding is strongly disfavored when the pS3RE is at the nucleosome dyad. The majority of nucleosome binding sites remain
nucleosome-enriched (closed), although this may be context or treatment-specific. p53 binding to closed chromatin in fibroblasts, for example, leads to
a subset of regions that become accessible and correlate with transcriptional enhancer activity. (D) p53 also binds to genomic regions with hallmarks
of transcriptional enhancers, which includes accessible DNA, the presence of H3K4mel and H3K27ac, and the absence of H3K4me3. p53 binding to
these regions elicits transcription of bidirectional enhancer RNA (eRNA). Although very limited data currently exists regarding p53, one mechanism for
distal gene regulatory element activity is through chromatin looping, which brings these elements in physical proximity to target gene promoters. (E) The
final class of binding events is to condensed/closed chromatin, which can either be characterized as actively repressed heterochromatin (containing the
histone modifications H3K9me3 or H3K27me3) or quiescent. Quiescent chromatin is condensed but does not have the stereotypical histone modifications
associated with heterochromatin. Quiescent chromatin represents the largest individual chromatin state bound by p53, although their function is unknown

(Figure 2A).

lators of histone modification state, such as CBP and
p300 (mediating H3K27ac) (101,102), TIP60 and hMOF
(H4K16ac) (103,104), GCN5/PCAF (H3K9ac) (105), and
the H3K27me3 demethylase KDM6B (54). p53 can also
directly interact with components of chromatin remodel-
ing complexes, such as RSF1 (106), BRGI1 (107), ARID1A
(108), BRD7 (55), and TRRAP (109). These interactions
are not limited to those supporting p53-dependent trans-
activation, as p53 also associates with known transcrip-
tional repressors, such as histone deacetylases (HDACs)
(110) as well as modulators of repressive chromatin and
heterochromatin including PCL1 (111), KMT5A/SETD8
(112), LSD1 (113), SMYD2 (114), SUV39H1 (115), USP7
(116), as well as EHMT1 and EHMT?2 (117). Such in-
teractions are mediated through both transactivation do-
mains (TADs) of p53 as well as the post-translational
modification-rich CTD, whose modification state (similar
to a histone tail) can be read by chromatin regulators such
as SET (118), 53BP1 (119), and PHF20 (120,121). While
the list of known chromatin regulators interacting with p53
is extensive, key questions remain regarding their roles in
modulating p53 activity. Many of the above factors post-

translationally modify p53 itself (122) to affect changes in
p53 DNA binding, stability, and interactions with cofactors.

Acetylation of multiple lysine residues in p53’s DNA-
binding and oligomerisation domains by histone acetyl-
transferase (HAT) p300, potentiates DNA binding in vitro
(102), which in turn elicits localized effect on histones, both
of which are competitively removed by the activities of
HDACs. HDACs have been shown to both interact with
MDM2 to enhance p53 degradation and directly deacety-
late the p53 C-terminus to influence its transcriptional ac-
tivity (123-127). These C-terminal lysine residues are tar-
geted by additional HATs, such as CBP and PCAF, to fa-
cilitate p53 activity, whereas they are also validated sub-
strates for lysine methyltransferases and ubiquitin ligases,
whose activity can variably repress or activate p53 func-
tion in vivo (113,117,128,129). Delineating the importance
of specific post-translational modifications (PTM) and the
residues on which they are found has been extremely com-
plex. However, recent data suggest that the overall net
charge of the p53 C-terminus may play an important role
in repressing its activity, with an un-acetylated ‘acidic’ C-
terminus being read by SET, much like a histone, inhibiting
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Figure 4. The location and orientation of p53 response elements within nucleosomal DNA influences p53 binding affinity (A) 146 nucleotides of DNA
wrap around a histone octamer (blue) with the nucleosome dyad normally denoted as position 0. In vitro nucleosome binding experiments and in vivo
ChIP-seq analyses suggest p53 affinity for nucleosomal DNA is higher when the p53 response element is within linker DNA (non-nucleosome associated)
or near the nucleosome edges (illustrated with a green box). p53 binding near the dyad or to the nucleosome gyre (opposite side when rotated 180°) is
disfavored relative to other positions (marked with red boxes). Of note, p53 binding to the disfavored positions still occurs at nanomolar K; values and can
also occur in the absent of a pS3RE, suggesting intrinsic affinity of p53 for nucleosomal DNA. (B) p53 affinity for nucleosomal DNA depends partially
on the rotational position of the pS3RE relative to the nucleosome dyad. When the center of the 20bp pS3RE is at rotational position 0 (middle), binding
is disfavored relative to when the rotational position is shifted in increments of five nucleotides (left or right). This binding preference periodicity has been
observed for other pioneer transcription factors, like the homeodomain and forkhead factors (46).

its acetylation (118). Modulating the activities of regulators
of p53 PTMs, such as inhibitors of HDACs and other co-
factors, have shown potential to promote p53 induced cell
death alone or in combination with DNA-damaging agents
(130-133), but the underlying mechanisms remain poorly
understood.

In fact, direct evidence for roles of the modifying en-
zymes in facilitating or impeding p53 interactions with the
pS3RE through remodeling and regulation of local chro-
matin structure are currently limited. One such example
are the two H4K 16 targeting acetyltransferases hMOF and
TIP60, which when bound to p53 acetylate adjacent nucleo-
somes (25), and H4K 16ac has been previously described as
one of the only histone modification that directly alters local
chromatin compaction (134-136). The breadth and depth
of p53 interactions with chromatin regulatory proteins will
certainly require an extensive, but necessary, unraveling to
better understand how these factors are related to poten-
tial pioneer factor activity versus canonical transcriptional
co-activator and co-repressor activities.

FUNCTIONAL CONSEQUENCES OF p53 BINDING IN
VARIED GENOMIC CONTEXTS

Generally, transcriptional regulatory regions such as en-
hancers and promoters are believed to function through

the combined activity of multiple TFs binding to accessi-
ble DNA elements (137,138) and can be characterized by
their histone modification patterns and the presence of tran-
scribed enhancer RNA (139). p53 binds to regulatory re-
gions with these characteristics, but also pervasively binds
to DNA that appears inaccessible and devoid of evidence
suggestive of transcriptional regulatory potential (Figure
3B-E). Thus, a key outstanding question centers on under-
standing how local transcription factors and varying chro-
matin contexts of p53 binding relate to subsequent gene ac-
tivation.

Recent work utilizing massively parallel reporter screens
(MPRA) to assay the transcriptional activation potential
of hundreds of p53 binding sites indicated that p53 alone
can activate transcription of plasmid-based reporters (15).
These data suggest that any p53 genomic binding event can
lead to transcriptional activation as p53 would not need any
other local transcription factors. This interpretation is sup-
ported by observation that the presence of other TF motifs
surrounding a p53RE are not predictive of transcriptional
activation upon p53 binding (27). Further support is found
in the extensive evidence that p53 is a strong transcriptional
activator in yeast, where other cooperating TFs are presum-
ably absent (140,141). This model is intriguing, as it would
suggest that p53 binding to all genomic contexts, includ-
ing to nucleosomal or closed chromatin, can support tran-
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scriptional activation. Additional experimental approaches
are necessary to determine whether these p53 binding
events are productive in their native genomic and chromatin
context.

Considerable evidence, however, suggests that p53 is un-
likely to act in the ‘single factor model’ at all genomic bind-
ing sites. For example p53 frequently binds to regulatory re-
gions such as enhancers and promoters, the canonical chro-
matin features of which are established independent of p53
activity (25-27,48,142). Furthermore, combinatorial activ-
ity of TFs with p53 has been extensively reported in the lit-
erature (143-148). Another MPRA approach provided ad-
ditional evidence for the role of other TFs in regulating p53
transcriptional activity. (149). Screening the transcriptional
activity of thousands of variants of p53-bound regulatory
elements revealed that other motifs flanking a p5S3RE con-
tribute to p53-dependent activation. One such example was
binding of ATF3 and p53 to an enhancer element regulating
expression of GDFI5 (149). ATF3 and p53 have been pre-
viously shown to co-occupy many genomic locations, with
ATF3 activity contributing to pS3-dependent activation of
numerous downstream targets (63,150). A novel CRISPR-
based screen identified CEBPB as a key regulator of the
p53-responsive enhancer controlling CDKNIA expression
and the establishment of a senescent cell state (151). Anal-
ysis of this CRISPR screen using multiple machine learn-
ing approaches identified additional TF motifs predicted
to contribute to the activity of enhancers bound by p53
(152). p53 binding to nucleosome rich loci correlates with
a stronger adherence to a consensus pS3RE, whereas p53
binding to regions with high accessibility are linked to lower
scoring or non-canonical pS3RE motifs (25,26). These ob-
servations might be related to the need for additional TFs
to assist in establishing DNA accessibility and to facilitate
binding of pS53 to these elements to drive transcriptional
activation. Additional evidence for the role of local chro-
matin accessibility and co-occupancy of other transcription
factors on p53 activity is still needed, but the integration
of high-throughput biochemical and genetic methods with
computational approaches should help delineate the regu-
latory logic of p53-bound genomic loci.

Does p53, then, bind to regions with high nucleosome
occupancy as a precursor to the eventual displacement
of nucleosomes and establishment of DNA accessibility
(Figure 3C)? Activation and binding of p53 has indeed
been associated with reduced nucleosome occupancy at the
CDKNI1A promoter (90,153), and ChIP-chip analysis in
the MCF7 cell line and recent ATAC-seq in primary fi-
broblasts have demonstrated that p53-dependent nucleo-
some displacement occurs in additional locations (27,94).
Together, these results suggest that p53 binding to nucleoso-
mal DNA can in certain contexts mediate chromatin acces-
sibility and can alter transcriptional activation. However,
analysis of the sequences encoding p53 regulated regions
identified by ATAC-seq did not reveal any DNA sequence-
based information that might suggest the context required
for p53-mediated nucleosome eviction (27) consistent with
other computational approaches (15). Yet, while p53 nucle-
osome binding can lead to eviction and establishment of
accessible DNA elements, extensive data suggest that this
activity is limited and context dependent. For example, in

colorectal cells p53 sites associated with bona fide pS3REs
(CDKNIA, SFN) were accessible, both before and after p53
activation and with no change observed in p53-null cell lines
(142). p53 binding sites often have pre-established histone
modification patterns before p53 activation and in cells with
genetic or biochemical depletion of p53 (25,26,48). More-
over, the large majority of p53 binding sites in dermal or
lung fibroblasts were either accessible before p53 binding or
were constitutively inaccessible even after binding (25,27).
These data indicate that increased chromatin accessibility is
not always a direct consequence of p53 binding and suggest
a limited and context-dependent role for p53 in mediating
chromatin accessibility (25-27).

Activation of transcription subsequent to p53 binding
to TSS proximal sites has been suggested to differ for spe-
cific promoter elements (87,154) at least in part due to vari-
ation between pS3REs (155-157). Recent single-molecule
and cryo-EM experiments indicate that p53 mediates re-
cruitment of the transcription pre-initiation complex mem-
ber TFIID to central promoter elements that can be fur-
ther affected by promoter sequence and thus alters stabiliza-
tion of TFIID necessary for increasing transcription initia-
tion (158). Interestingly, these studies also suggest that upon
successful interaction of TFIID with DNA elements in the
promoter, p53 dissociates from the p53RE. Thus, the rate
of interaction and cycling of p53 interactions with different
pS3REs and their capacity to engage TFIID recruitment to
cognate promoter sequences, likely plays an important role
in differential binding and activation of p53 targets. In sup-
port of this model, promoters of p53 target genes show dif-
ferential transcriptional activation kinetics in response to
natural p53 protein pulses which may alter residence time
and frequency of interaction with promoters (159). More re-
cent work demonstrates that stochastic transcription of p53
target genes is controlled by transcription burst frequency, a
parameter controlled by transcription initiation rates (160).
Live cell imaging suggests that elevated p53 protein ex-
pression increases the likelihood a gene target will be tran-
scribed (burst frequency), but does not influence the magni-
tude of the transcriptional response (burst size) (161). These
data also suggest that affinity-based models of promoter ac-
tivity are unlikely to fully describe p53 regulated transcrip-
tion, with p53 CTD modifications controlling some of the
observed kinetic differences between p53 target genes. It is
thus unclear to what degree transcriptional activation ki-
netics are determined by p53 protein stability and modifica-
tion state, intrinsic sequences at pS3 binding sites, or other
promoter-associated factors, as all have the strong potential
to alter p53 interaction frequency and activation of promot-
ers. Advances in single molecule imaging approaches and
single-cell RNA velocity measurements have the potential
to advance our understanding of how multiple local factors
and sequence context alter p53’s ability to activate promot-
ers and drive the observed kinetics in mRNA synthesis.

In addition, there is also evidence to suggest a signifi-
cant number of p53 binding sites may not be directly asso-
ciated with regulatory elements of genes, long non-coding
RNAs, or micro-RNAs. The lack of traditional signifiers
of transcriptional regulatory potential (such as particular
histone modification patterns) might suggest these bind-
ing events are evolutionary remnants, could have context-
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dependent transcriptional roles, or could function in non-
traditional roles. One possibility is that p53 might act lo-
cally to influence DNA repair and protect genome integrity,
such as in the case where p53 binds to both human telom-
eres and other fragile genetic sites to influence chromatin
structure that protects DNA from damage (64,162). Pro-
tection of these regions from DNA damage requires local
p53-dependent transcription to establish the appropriate re-
pressive heterochromatin features, but does not appear to
require expression of any common p53 target gene. Further,
p53 pervasively binds to pS3REs derived from retrotrans-
posons or other mobile genetic elements (34-38,163) and
can suppress transcription of retroelements (164-167). The
viral origin of these elements may also lead to an under-
count of p53 binding sites in the human genome as these
regions tend to be highly repetitive and thus difficult to
identify using traditional ChIP-seq approaches. The p53-
mediated mechanisms conferring protection from retroele-
ments is also conserved through evolution, having recently
been identified within Drosophila (167). Certainly, p53 has
been shown to have other roles in DNA context, such as
playing an important role in replication restart (168) and
replication fork progression (169,170). The absence of these
pS53-dependent processes can lead to further genomic insta-
bility. While these p53 binding events do not appear to in-
fluence p53-dependent gene regulation, they have key roles
in the maintenance of genome fidelity in the germline and
tumor suppression.

PIONEER ACTIVITY OF p63 AND p73 AND THE IM-
PLICATIONS FOR p53

Full-length p63 (TAp63) functions as a haplo-insufficient
tumor suppressor (171) that also ensures quality control in
germ line cells (172). The shorter p63 isoform ANp63 is
overexpressed or amplified in almost all squamous cancers
and serves as master regulator of stratifying epithelia that is
crucial for limb, mammary gland, prostate, and epidermal
development (173). Like TAp63, full-length p73 (TAp73) is
a haplo-insufficient tumor suppressor and it functions as a
key regulator of neuronal development, multi-ciliated cell
differentiation, and metabolism (171,174). The p53 family
shares highly-related DNA binding domains with similar,
but not identical, RE sequence preferences (88,175). Conse-
quently, the p53 TF family shares many binding sites; how-
ever, all three family members also display substantial sub-
sets of unique target genes (12,175,176). Understanding the
interplay between p53, p63, and p73 is complicated by the
differential function of several N- and C-terminal isoforms
of all three family members that exhibit overlapping targets
with often antagonistic function within and between the
family members (177,178). We are only beginning to under-
stand how distinct binding and gene regulation by the p53
family members and their isoforms is coordinated, a bet-
ter understanding of which may shed light on outstanding
questions highlighted above in relation to full-length canon-
ical TApS53a.

Pioneer factors play crucial roles in organismal develop-
ment and differentiation events, with many pioneer factors
directing critical lineage determination events during devel-
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opment or cellular reprogramming (86,179). Mice lacking
p53, while cancer prone like the human p53 mutation car-
rying Li-Fraumeni syndrome patients (180), generally de-
velop normally, although variably penetrant developmen-
tal defects have been observed (181-183). This suggests
that p53 and its putative pioneer factor activity are not
strictly required for the establishment of chromatin states
and transcriptional networks needed for proper develop-
ment. In contrast, genetic evidence from mouse models
and human genetically linked conditions/syndromes stud-
ies strongly indicate that the p53 family members p63 and
p73 are key lineage determination factors for basal (p63)
and ciliated (p73) epithelial cells (184-186). Recent studies
suggest that the ANp63 isoform certainly shares the ability
to bind to inaccessible chromatin and exhibits extensive ca-
pacity for opening chromatin at these sites (187-190), but
unlike p53, this pioneer activity is critical for development
(191). Specifically, p63 is required for the establishment of
enhancer accessibility and activation of an extensive squa-
mous cell-specific gene expression network (31,48,190,192).
Moreover, p63-dependent chromatin remodeling is required
for expression of key epithelial lineage-specific genes in two
cellular reprogramming paradigms (33,188), and conversely
depletion of p63 in terminally differentiated epithelial cell
types led to decreases in histone modification abundance at
regulatory regions (48). In epithelial keratinocytes, loss of
p63 activity led to a nucleosome sliding into normally ac-
cessible regulatory regions, similar to the chromatin book-
marking activity previously proposed (187,192). Appropri-
ate nucleosome structure at p63-bound regulatory regions
was related to p63 interactions with BAF chromatin remod-
eling complex (187), providing a direct biochemical mech-
anism for these observed activities. Although not fully in-
vestigated, these data strongly suggest that the pioneer fac-
tor activity of p63 is essential for epithelial lineage determi-
nation and that developmental phenotypes associated with
loss of p63 function may be due to decreased chromatin ac-
cessibility at regulatory regions.

Similarly, p73 is required for the establishment of cil-
iated epithelial cell identity through control of cell type-
specific regulatory elements and gene expression (184,185),
although direct binding to nucleosomal DNA has not yet
been demonstrated. Why then does p63 (and potentially
p73) have the ability to modulate chromatin accessibility
in specific cell types while the broadly expressed p53 has a
more limited role? The ability of p63 to initiate and maintain
chromatin accessibility requires an intact C-terminal sterile
alpha-motif (SAM) domain as disease-associated mutants
in the p63 SAM domain fail to establish enhancer acces-
sibility and activate downstream gene expression (33,191).
Unlike p63 and p73, p53 lacks a SAM domain, suggesting
this domain may be critical for the broad chromatin remod-
eling and pioneer activities of p63 and p73. What is clear is
that the p53 family of TFs share a common ability to bind
to nucleosomal DNA and mediate local chromatin remod-
eling. Continued investigation into the unique and shared
mechanisms used by members of the p53 family of TFs to
facilitate chromatin remodeling is likely to reveal significant
insight into numerous biological processes and human dis-
ease states.
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DISSECTING UBIQUITOUS AND CELL TYPE-
SPECIFIC DIRECT p53 TARGET GENES

To date, identification of direct pS3 target genes largely re-
lies on correlating proximal p53 binding events, such as
within 2.5 or 5 kb from the TSS, with genes significantly
differentially expressed upon p53 activation. The identifica-
tion is complicated by defining relevant thresholds for ro-
bust peak calling, distances to genes, and differential gene
expression. Nonetheless, extensive genomic and transcrip-
tomic analyses have enabled the identification of common
human p53 target genes that exist across multiple cell con-
texts, such as cell type, chromatin/epigenetic state, activat-
ing signal, and time (6,8,9). These ubiquitous p53 target
genes are all up-regulated in response to p53 activation sup-
porting the view that p53 primarily functions in gene activa-
tion (14). These ubiquitous targets could be examined in the
context of the pioneering function of p53, especially since in
the absence of stress a number of these p53 target genes are
also pre-bound, and whether chromatin accessibility affects
gene transcription. Thus, ubiquitous p53 targets could pro-
vide a more effective assessment of p53 function in human
cancers not based only on 7P53 gene mutations, particu-
larly since p53 can be inactivated in cancers even though it is
not mutated (193). In support of this idea, it has been shown
that sensitivity of cell lines to an MDM?2 inhibitor could be
predicted by a set of 13 direct p53 target genes (194), most of
which represent ubiquitous p53 targets. Although the study
received critique for misclassifying the p53 status of sev-
eral cell lines (195), the authors amended their analyses and
provided evidence that after revising the annotation of cell
lines’ p53 status, the gene set still was at least as predictive as
the p53 status was (196). A more recent set of 175 genes pre-
dicting sensitivity to MDM2 inhibition (197) also contains
several ubiquitous p53 targets. In contrast to ubiquitous di-
rect p53 target genes that are normally up-regulated, cell cy-
cle genes are commonly down-regulated by p53 and a recent
analysis of data from The Cancer Genome Atlas showed
that, similar to most cancers (198), p53 mutant cancers dis-
play up-regulation of cell cycle genes with a 4-gene subset
promising prognostic value (193). The ubiquitous p53 tar-
get genes could also act as biomarkers to assess the effective-
ness of standard chemotherapeutics that lead to p53 activa-
tion. The use of ubiquitous p53 target genes as biomarkers
will also be beneficial in establishing the potential efficacy
of cancer therapies focused on reestablishing wild-type p53
activity in cancers with mutant or aggregation-prone p53
(199,200). It is currently unknown the extent to which these
drugs restore full, wild-type function and activate the same
wild-type target genes.

In addition to TF binding events proximal to TSS, it is
well-established that TF binding to enhancers affects the
expression of many genes (201). Within the ubiquitous set
of p53 binding events, only ~30% map to the proximal 5
kb surrounding annotated TSS (6). While a strong corre-
lation between the presence of a gene proximal p53 bind-
ing event and increased transcriptional activity of that gene
has been reported (8,9,202), binding near a TSS appears to
be neither necessary nor sufficient for gene activation. Cer-
tainly, close proximity to promoters (either near the TSS or
within the first intron) is a well-described and accepted fea-

ture of p53 binding events associated with canonical p53-
induced genes. However, while many such events are de-
tected in meta-analyses of binding sites alone (15) and their
integration with gene expression studies (6,8,9,14), the ma-
jority (~70%) of p53 binding sites are detected in gene distal
regions (Figure 3) (11,12,25,26,61,69,73,81). Recent analy-
sis of the relationship between p53 binding sites and their
distance to the nearest p53-regulated gene also suggested
that p53 binding events within 2.5 kb of a TSS are much
more likely to predict transcriptional activation and the
number of p53 binding events beyond this distance with
experimentally verified trans-activation potential is low (9).
Directly connecting distal elements to transcription is tech-
nically challenging and we have likely severely underesti-
mated the contribution of distal p53 binding events in gene
regulation. Advances in computational and experimental
approaches have improved our ability to make these con-
nections. Genome-scale and targeted chromatin conforma-
tion capture approaches can identify potential distal p53
binding site interactions with target gene promoters. The
chromatin conformation capture (3C) approach identified
a p53 binding element, which regulates the expression of
three pro-apoptotic genes in Drosophila over a distance
of nearly 330 kb (203). Use of the 4C (3C on chip) ap-
proach identified dynamic reorganization of chromatin con-
tacts across a 100kB region centered on CDKNIA after
p53 stabilization (204), suggesting that looping and struc-
ture of chromatin domains are involved in p53-dependent
gene regulation. As previously discussed, the use of locus-
specific transcriptional repressors based on CRISPR /Cas9
technology revealed multiple distal p53 binding sites over
200kb from the nearest gene that were required for p53-
dependent cell cycle arrest (30), suggesting p53 can oper-
ate over long genomic distances. These experimental ap-
proaches, along with advancements in data curation such
as the GeneHancer, FOCS, InTAD, and HACER projects
(205-208), provide a rational basis for the future inquiry
into the role of distal p53 binding sites in the regulation
of gene expression. Recent efforts integrating TF binding,
histone modification, and gene expression profiling data
indicate that pS3 may indeed function over long genomic
distances (209). Given the frequency of distal p53 binding
events and the general lack of information regarding their
spatial configuration within the nucleus, the universe of p53
target genes will inevitably become larger and its regulation
more complex. Much work remains to understand poten-
tial longer-range regulatory events and regulation of non-
coding RNA-species, including how topologically associat-
ing domains influence p53-dependent activities and pheno-
types across cell types, tissues, and organisms. (210,211).
Beyond the ubiquitous p53 binding sites and target
genes, unsupervised clustering demonstrates greater simi-
larity within one cell type than with a common treatment
for both DNA binding by p53 (Figure 5) and direct p53
target genes (6). Thus, while there are many shared binding
sites and target genes between cells and conditions, there are
also strong cell-type/fate differences. For example, in hu-
man embryonic stem cells (hESC) p53 binding and target
gene activation differed between retinoic acid-induced dif-
ferentiation and DNA damage conditions, suggesting the
treatment affected cell fate to endow the p53-binding pro-
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Figure 5. Hierarchical clustering of read coverage signal across p53 peaks that appear in >20 datasets was performed considering the Spearman correlation.
Clustering results are displayed in a heatmap; the color of individual cells describes the correlation value between two datasets and the cluster distances

between each sample shown using a dendrogram. Data from (6).

file of a ‘different cell type’ (51). In addition, p53-dependent
gene expression also differed between hESC and human
mesenchymal stem cells (hMSC), with the primary differ-
ence attributed to chromatin modification patterns at p53-
bound promoters (50).

These differential effects of p53 activation are likely a
combination of tissue specific accessibility of p53 target and
differential ‘priming’ of cell types for cell death (212), as
has recently been shown with HDAC inhibitors that syner-
gistically induce p53-dependent cell death in combination
with Nutlin-3a or chemotherapy. This is mediated through
HDAC inhibitors blocking activation of a subset of p53
targets including the pro-survival caspase-8 inhibitor FLIP,
which releases the brake on ‘priming’ of pro-apoptotic tar-
gets TRAILR2, BAX, and PUMA (130). Similarly, treat-
ment of MCF7 cells with the DNA methylation inhibitor
decitabine led to de novo chromatin accessibility and p53
binding, suggesting that changes in cell state and pharma-

ceutical treatments can alter the binding and activity of p53
(52). This study also showed that accessible chromatin dif-
ferences between cell types influenced p53 occupancy and
correlates with unique cell type-specific binding events (52).
Cell type-specific chromatin accessibility is likely related to
the observed differential chromatin modification state at
p53 binding sites. How chromatin accessibility and modifi-
cation state differ across cell types or after drug treatments
and their influence on p53 occupancy requires more inves-
tigation. Future experiments utilizing ATAC-seq or NoMe-
seq (nucleosome occupancy and methylome sequencing) in
these cells may provide more information to identify cell
type- and fate-specific features (213,214). Together, these
data suggest that p53 recruitment may be affected by ‘avail-
ability’ of p5S3REs defined by tissue-specific regulatory el-
ements expanding the repertoire of genes that can be af-
fected by p53 binding events, as has been shown for p63
(12). Notably, differential gene regulation irrespective of
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p53 binding shows treatment-specific instead of cell type-
specific clusters (8). This is likely influenced by biological
phenomena related to additional signals as well as tempo-
ral and treatment-specific effects.

In vivo studies in Drosophila and mice demonstrate
tissue-specific transcriptional responses after exposure to
similar p53-activating stimuli (215,216). The overlap in p53-
dependent gene expression is minimal between Drosophila
tissues (215), suggesting a permissive role for cell type in
the p53 response. Similarly, p53 activation in disparate tis-
sue types in the developing mouse embryo yielded different
cell fates, such as the classical choice between apoptosis and
cell cycle arrest, but regulates the same set of genes in dif-
ferent mouse tissues (216). Intriguingly, the magnitude of
p53-dependent gene induction or repression appears to be
a major difference between the tissues and may play a role
in the disparity in cell phenotypes. Developmental timing
can also alter p53-dependent target gene expression and cell
fates. Pre-migratory and migrating neural crest are highly
sensitive to p53-dependent apoptosis, whereas those cells
that reached their final destination in the pharyngeal arch
were highly resistant to apoptosis triggered by p53 (216).
These data suggest that some of the differences between
p53-dependent outcomes may be due to developmental tim-
ing and differences in p53 target gene activation between cell
types, both of which are likely influenced by gene regulatory
elements and local chromatin structure.

In a similar fashion to chromatin structure, DNA methy-
lation likely plays a regulatory role in the control of p53-
dependent transcription. Among the occupied sites that
are common across cell types and near TSS, 40% are
not associated with differential expression of the nearest
gene, suggesting that p53 binding alone in many cases is
not sufficient to drive expression of the nearest gene but
that additional information and regulatory mechanisms can
be required (6). These might include mechanisms regu-
lating mRNA half-life, protein degradation, and protein
folding/activation. For example, the Toll like receptor-8
(TLRS) gene, which is a direct p53 target, is undetectable
in cancer cells possibly because of promoter methylation
(personal observation). Other direct pS53 targets such as
IGFBP7 (217), 14-3-3 o (also known as SFN) (218,219),
and the long non-coding RNA TP537TGI (220) have also
been shown to be hypermethylated in cancer. Additionally,
viruses may also use this mechanism to silence downstream
p53 targets (221), suggesting that methylation or other epi-
genetic modifications might affect differential cell type re-
sponses to p53 activation.

EVOLUTION OF THE p53 GENE REGULATORY NET-
WORK IN VERTEBRATES

All p53 protein family members contain a highly conserved
DBD (222), and p53 homologs from multiple species have
been shown to specifically trans-activate common p53REs
(223). Similar to p53 family proteins, most TFs display
evolutionary conservation of their sequence-specific DNA
binding (224-226). Conservation of protein function is key
when animal models are employed to understand mecha-
nisms that underlie human diseases. In case of p53, mouse
models are frequently used to unravel the p53 signaling

pathway and to inform anti-cancer strategies (183,227,228).
Gene regulatory networks of many TFs, however, have di-
verged substantially between mouse and human (229). For
TFs investigated in the ENCODE project only an average
of 44% of regulatory TF to gene associations have been
identified as conserved between mouse and human (224).
Consistently, early studies comparing pS3REs of several di-
rect p53 target genes identified only limited conservation
across species (230,231). The small number of genes re-
ported to differ in their p5S3-dependent regulation between
mice and humans included the well-established p53 targets
GADD454, RRM2B, DDB2, APAFI, XPC, and PCNA,
which were identified as direct p53 targets in human (231-
234) but not in mouse (231,234). Another example includes
the LIF gene that functions in reproduction and that is a
direct p53 target gene in human (235), but not in elephants
(236). Instead, elephant p53 directly regulates the LIF pseu-
dogene LIF6, which functions in apoptosis rather than in
reproduction (236). Elephants also possess up to 18 copies
of p53 pseudogenes which are under positive selection, sug-
gesting functionality in the evolution of cancer resistance in
this long-lived mammal (237,238). In blind mole rats, p53
carries an R174K substitution identical to known tumor-
associated mutations and is unable to induce multiple pro-
apoptotic genes, such as A PAF1, but hyperactivates cell cy-
cle arrest genes. Presumably, this enables blind mole rat cells
to favor a reversible cell cycle arrest over hypoxia-induced
apoptosis (239). A recent study provided a meta-analysis
of genome-wide p53 binding data and p53-dependent tran-
scriptome regulation data from mouse and compared the
mouse data to similar data of human. Strikingly, >1000
genes have been identified to differ substantially in their re-
sponse to p53 activation and these genes largely function
in DNA damage response, metabolism, and cell cycle reg-
ulation (20). Thus, the p53-dependent regulation of these
processes may at least partially differ between mouse and
human.

Mechanistically, the comprehensive comparison of the
p53 GRN between mouse and human revealed that evo-
lutionary turnover of pS3REs underlies broad variation in
p53 binding profiles that are causative for different p53-
dependent gene up-regulation (20). Concordantly, evolu-
tionary turnover of p63REs and p63 binding was found
to substantially alter the p63 GRN (240). Taking only ge-
nomic regions into account that are present in both hu-
man and mouse, the meta-analysis found less than 13% of
p53 binding sites to be conserved between the two species
(20). This number is even smaller when also mouse- and
human-specific genome regions are considered. For exam-
ple, it was reported that pS3REs can be shaped by long ter-
minal repeats from endogenous retroviruses (34,35), long
interspersed nuclear repeats (LINEs; (37)), and ALU re-
peats (36,38) in humans and fuzzy tandem repeats in mice
(163,241). It was shown that p53 oscillates faster in mouse
and rat cells than in cells from human, monkey, or dog.
It is hypothesized that faster p53 oscillations in mouse
cells are triggered by a stronger negative feedback loop be-
tween p53 and MDM2, which in turn may be caused by a
subtle change in the pS3RE controlling the expression of
MDM?2 (242). Different p53 oscillation patterns influence
p53-dependent gene expression (74), but to what extent the
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different p53 oscillation patterns between mouse and hu-
man contributes to differences in the p53 GRN remains un-
clear. Interestingly, pS3 and p63 binding sites have under-
gone more evolutionary turnover as compared to binding
sites of the DREAM complex (20) or most TFs that have
been investigated by ENCODE (224). A possible explana-
tion for the high turnover could be the exceptionally large
size of the p53 and p63 REs, which contain two decameric
half sites totaling 20 bp. TF recognition motifs that exceed
10 base pairs show substantially decreased evolutionary sta-
bility (243,244), and thus the long p53 and p63 REs may be
altered more rapidly during evolution.

The lack of evolutionary conservation of a number of
important direct p53 target genes suggests that regulating
these individual genes may not be critical or can be com-
pensated by alternative p53-regulated genes in the same
pathway to conserve p53’s tumor suppressor function. For
example, frans-activation-mutants of p53 that could up-
regulate only subsets of direct p53 target genes were suffi-
cient to suppress spontaneous tumor development in mice
(245). Similarly, mice expressing a triple acetylation mutant
form of p53 (p533KR), which is unable to up-regulate many
direct p53 target genes, are also protected from spontaneous
tumor development (246). Interestingly, a triple-knockout
of the conserved key p53 target genes p21/ (also known as
Cdknl A), Puma (Bbc3), and Noxa (Pmaipl) was not suffi-
cient to impair p53’s tumor suppressor function (247). In
addition to the set of 86 evolutionary conserved direct p53
target genes that has been identified (20), species-specific
direct p53 targets may contribute substantially to the tu-
mor suppressor function of p53. Particularly noteworthy
are mouse- and human-specific direct p53 target genes that
can serve a similar function in the p53 response. The Y-
family translesion DNA synthesis polymerases POLH and
POLK can both allow for DNA replication despite the pres-
ence of DNA damage (248). In human solely POLH and
in mouse solely Polk was identified as direct p53 target
gene (20). Together the findings suggest that many species-
specific direct p53 target genes may be dispensable for the
tumor suppressor function of p53, and in some cases p53
employs different species-specific targets to serve a similar
function. However, it is important to note that only limited
analyses of epithelial tissue and in tumor initiating contexts
have been conducted to date in mouse and our assumptions
of target conservation may as a result be slightly underesti-
mated.

Mouse models serve as the gold standard in basic can-
cer research, but it is known that their translation po-
tential to human is limited (249-251). For example, mice
expressing p53*¥R displayed impaired apoptosis, cell cy-
cle arrest, and senescence but retained the ability to regu-
late metabolic genes, which may have protected these mice
from spontaneous tumor development (246). However, p53-
regulated genes involved in metabolic control have been par-
ticularly subjected to alterations in their p53 response be-
tween mouse and human (20). Thus, p53’s ability to con-
trol metabolic processes is different in human compared to
mouse and may not be sufficient to suppress tumor forma-
tion in humans.

The assumption with mouse models has been that p53
functions largely similar to human. While p53 is undoubt-
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edly a tumor suppressor across mammals, the specific genes
and regulatory networks required for this broad activity are
quite different. Consequently, single nucleotide variations
in p53REs and p53 mutants could have very different ef-
fects in humans than in mice. In turn, a drug acting on the
p53 signaling pathway could affect a mouse very differently
than a human. If we want to translate findings from ani-
mal models to humans more efficiently, we have to under-
stand their differences more precisely. The marked differ-
ences that have been revealed encourage the use of advanced
animal and cell culture models. While in clinical research
patient derived xenografts and humanized mouse models
help to narrow the gap between animal and human, in ba-
sic research organoids are promising tools to generate more
meaningful data.

CONCLUSION

The last decade of research has greatly expanded our un-
derstanding of how p53 functions as a transcription factor
and shed light on the composition of its GRN, but as high-
lighted above, it is clear that much remains to be uncovered
to fully understand the molecular mechanisms that shape
the p53 GRN in a given cell or tissue. Further investigation
of the role of distal p53 binding sites in the regulation of
gene expression, especially the role of local and long-range
enhancer:gene interactions, will be necessary to fully assess
the direct transcriptional effects elicited upon p53 binding
to DNA (Figure 3D). Future work on identifying TFs coop-
erating with p53 to establish transcriptional networks, such
as those working downstream of p53 activation, will expand
our understanding of the expansive gene regulatory reper-
toire (Figure 1).

Despite the vast body of work, it is still unclear how
pS3 activation induces differential cell fates at a single cell
level and how this is affected by cellular identity, stage of
cell cycle, and concurrent activation of other stress induced
survival/death programs. This will inevitably be enlight-
ened by studies using cutting edge technologies to evalu-
ate single-cell transcriptional dynamics. Such studies cou-
pled with other high throughput modalities like modern
3D organoid culture will be crucial to dissect cell/tissue
and condition/treatment-specific p53 activity. This will in
turn help us to understand how p53, its isoforms, and fam-
ily members function as pioneer factors and in other non-
canonical roles associated with their interaction with the
genome. Cumulatively, these insights will allow us to better
understand what these diverse activities of p53 might mean
for its tumor suppressor and non-tumor suppressor role, en-
able us to exploit p53 de-regulation in cancer; as well as pro-
viding a more complete picture on emergent roles for the
p53 family in cell lineage commitment, cell lineage transi-
tions in cancer, stem cell reprogramming, and developmen-
tal disorders.
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